By applying non-equilibrium molecular dynamics simulation, it is demonstrated that the thermal conductivity of the reported Si/Ge core-shell nanowires (NWs) can be further reduced by shell doping. The thermal conductivity of Si/Ge 0.6 Si 0.4 core-shell NWs is only about 66% of that of Si/Ge core-shell NWs. By analyzing the participation ratios of eigenmodes, it is revealed that the large reduction in the thermal conductivity of Si/Ge 0.6 Si 0.4 core-shell NWs stems from the strong localization of the phonon modes from 1.0 THz to 2.0 THz and the modes from 9.0 THz to 16.0 THz due to both impurity scattering and interface scattering associated with peculiar structure of shell doped silicon NWs. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
Energy conversion between heat and electricity based on thermoelectric effect has been attracted much attention recently due to its power of waste-heat recovery and environmentally friendly refrigeration, and solar-thermal applications.
1-5 The efficiency of the energy conversion for power generation and refrigeration depends on the thermoelectric figure of merit ZT ¼ S 2 rT/j, where S, r, j, and T are the Seebeck coefficient, electrical conductivity, thermal conductivity, and absolute temperature, respectively. Silicon is expected to be used in thermoelectric applications due to the fact that it is widely used material in semiconductor industry with a low-cost and highyield processing capability. However, it is considered to be a very inefficient thermoelectric material with ZT $ 0.01 because of its high thermal conductivity. Fortunately, it is found that nanostructured silicon can significantly reduce its thermal conductivity. Experiments [6] [7] [8] have provided direct evidences that an approximately 100-fold improvement of the ZT value over bulk Si is achieved in silicon nanowires (SiNWs), which promise its wonderful candidate for thermoelectric applications. Numerous techniques [9] [10] [11] [12] [13] have been proposed to further reduce the thermal conductivity of SiNWs; however, these approaches such as introducing additional phonon scattering by doping, nanocrystallization, or defects embedding in SiNWs have not led to significant increases in ZT value due to the fact that the electrical conductivity also reduces proportionally.
Recently, the core-shell structure of Si and Ge NWs with a better transconductance and higher carrier mobility comes to the spotlight of research. The band offset between the core and the shell states naturally leads to hole accumulation in the core region without the need for impurity doping. The thermal conductivity of both Si/Ge and Ge/Si core-shell NWs is demonstrated to be reduced significantly by molecular dynamics (MD) simulations. [14] [15] [16] The advantage that the electronic and phonon transports in the core-shell structure NWs are decoupled is very favorable for thermoelectric purposes. By means of numerical simulations, Markussen found that in Ge/Si core-shell NWs with surface roughness disorder, the phonon thermal conductance is strongly suppressed, while the hole transport is much less affected, leading to very promising ZT value beyond 2. 17 In previous studies of the thermal conductivity in core-shell NWs, the component in the shell is unique, and the reduction of thermal conductivity stems from the interface effects. We suppose that combining the fine-tunings of interface and impurity scattering, the thermal conductivity of Si/Ge core-shell NWs can be further reduced by modulating the component in the shell region. In this work, non-equilibrium molecular dynamics (NEMD) simulation is performed to investigate the thermal conductivity of Si/Ge x Si 1Àx core-shell NWs. The results show that the Ge concentration in the shell region influences the thermal conductivity intensively, and the thermal conductivity of Si/Ge 0.6 Si 0.4 core-shell NWs is markedly lower than that of Si/Ge core-shell NWs. By calculating the participation ratio of each specific mode, the localization characteristic of Si/Ge 0.6 Si 0.4 NWs is more remarkable than that of Si/ Ge core-shell NWs. Interestingly, Zhong and Stocks found that shell-doping of a nanowire under large dopant concentration could enhance carrier mobility. 18 Both helpful to decrease the thermal conductance and increase the electrical conductance, we suggest that shell-doped SiNWs with large dopant concentration will be a very wonderful candidate for thermoelectric applications.
II. MODEL AND SIMULATION METHODS
In this work, the NEMD method adopted for calculating thermal conductivity is the M€ uller-Plathe (MP) method. 19 For the MP method, periodic boundary condition is applied in the longitudinal direction of SiNWs. As shown in Fig. 1(a) , the simulation box is subdivided into N (N must be an even number) slabs along the longitudinal direction (z a)
Author to whom correspondence should be addressed. Electronic mail: gfxie@xtu.edu.cn. axis). Slab 1 is defined as the cold slab and slab N/2 þ 1 as the hot slab. Based on this method, energy is made to be transferred artificially from the cold to the hot slab in the following manner: The hottest atom with maximal kinetic energy in the cold slab and the coldest atom with minimal kinetic energy in the hot slab are identified, and the velocity components in the Cartesian coordinate system of these two atoms are interchanged if the kinetic energy of the hottest atom in the cold slab is higher than that of the coldest atom in the hot slab. The thermal conductivity (j) can then be evaluated using the following equation:
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where t is the time of the simulation, A is the cross-section area of NWs, the factor 2 arises because of the periodic boundary condition of the system in the longitudinal direction, Q is the summation of energy interchanged in the simulation, and @T=@Z is the gradient of the temperature in the longitudinal direction. The quantum correction to the MD calculated temperature is given as
where H D is the Debye temperature (645 K for silicon), T is the quantum corrected temperature, and T MD is the MD temperature. The Stillinger-Weber (SW) 20 potential is used for Si and Ge. The SW potential consists of two-body and three-body terms to stabilize the diamond lattice, and it is widely employed in the study of the thermal properties of Si and Ge. In this study, the parameters of the literatures 20,21 were adopted to describe Si-Si and Ge-Ge interactions. Parameters for Si-Ge interactions were obtained by taking the arithmetic mean of Si and Ge parameters for r Si-Ge and the geometric mean for k Si-Ge and e Si-Ge , as suggested in Refs. 22 and 23. This potential model has been applied to successfully predict the thermodynamic properties of bulk Si-Ge alloys, 24 Si/Ge superlattices, 25, 26 nanocomposites, 27, 28 and nanowires. [14] [15] [16] 29 The MD code LAMMPS 30 is used to calculate the thermal conductivity of Si/Ge x Si 1Àx core-shell NWs along (100) direction with cross section of 4 Â 4 unit cells (UC). The schematic representation of the shell-doped NWs is shown in Fig. 1(b) . The length of NWs is 40 UC, and the thickness of shell is 0.25, 0.5, and 0.75 UC. The timestep is 1.0 fs. Periodic boundary condition is applied in the longitudinal direction, and free boundary condition is used to atoms on the outer surface of the NWs. The atomic model is initially constructed from bulk silicon with diamond structure. Then Si atoms in the shell region are randomly substituted by Ge atoms. The system is firstly equilibrated in the isothermalisobaric ensemble (NPT) for 5 ns. After the NPT relaxation, we continue to relax the system in the microcanonical ensemble (NVE) for 1 ns. In order to establish a temperature gradient along the longitudinal direction, the MP method is adopted and the NEMD is performed for 3 ns. The simulation of final 2 ns is to calculate the thermal conductivity of NWs by Eq. (1) with the temperature corrected by Eq. (2). For each of Ge content, the results are averaged over 20 simulations to reduce the fluctuation.
III. SIMULATION RESULTS AND DISCUSSIONS
In Fig. 2 , we plot j/j 0 versus Ge concentrations (x) at T ¼ 300 K. Here, j is the thermal conductivity of Si/ Ge x Si 1Àx core-shell NWs, and j 0 is the corresponding thermal conductivity of pure SiNWs. The thermal conductivity of pure SiNWs calculated in our simulations is 2.40 W/mK. It is obvious that shell-doping can reduce the thermal conductivity remarkably. For example, the thermal conductivity of Si/Ge 0.6 Si 0.4 core-shell NWs is only 40% of pure SiNWs and 66% of Si/Ge core-shell NWs if the doping thickness is 0.75 UC. (In this case, there are only four layers of Ge atoms in the shell.) It is also illustrated in Fig. 2 that with increasing dopant concentrations, the thermal conductivity first decreases then increases, and with increasing shell thickness, the effect of dopant concentration is more remarkable. The characteristic of thermal conductivity in Si/Ge x Si 1Àx core-shell NWs shown in Fig. 2 can be explained as follows: The modulation of thermal conductivity in Si/Ge x Si 1Àx core-shell NWs is achieved by the effects of impurity scattering and interface scattering. For impurity scattering, it first increases and then decreases with increasing Ge concentrations in the shell. The inflexion of x equals to 0.5. While the effect of interface scattering increases with increasing x. The number of dopant defects increases sharply with the increasing of shell thickness, which leads to more frequent phonons scattering by impurity defects and significant decreasing of the mean-free path of phonons. On the contrary, the shell thickness has little influence on the interface scattering.
In order to further reveal the origin of the reduction of thermal conductivity in Si/Ge x Si 1Àx core-shell NWs, the vibrational eigenmodes analysis is performed and the participation ratio of each phonon mode is calculated. We assume that the normal-mode vibration solution of the atoms in NWs takes the form of u ia;k ¼ 1= ffiffiffiffiffi m i p e ia;k expðix k tÞ, and find the normal-mode eigenfrequencies and their corresponding eigenvector components via solving the lattice dynamical equation expressed by
where the elements of the force constant matrix U are given as
Here u ia is the displacement of atom i in the a Cartesian direction, m i is the mass of atom i, and V is the total potential energy of the system. The participation ratio (p k ) characterizes each mode individually and serves as a useful discriminant of spatial localization, 31 which is defined for each eigen-mode k as
where i sums over all the atoms, a is Cartesian direction and sums over x, y, z, e ia;k is the vibrational eigenvector component corresponding to the kth normal mode, and N is the total number of atoms. The participation ratio varies from O(1) for delocalized states to O(1/N) for localized states. Hence, it effectively indicates the fraction of atoms participating in a given mode. 32 The participation ratios of each vibrational eigen-mode of bulk silicon crystal, pure Si NWs, shell-doped SiNWs, and Si/Ge core-shell NWs are compared in Fig. 3 . The size of system is 4 Â 4 Â 10 UC, ppp boundary condition for bulk silicon and ssp boundary condition for NWs, and the doping thickness is 0.5 UC. One can find that in the perfect bulk crystal, the participation ratios range from about 0.5 to almost 1, characterizing extended modes in which most of the atoms participate. The results are consistent with those in Refs. 14 and 32. The participation ratios of pure SiNWs are lower than that of bulk silicon because of the vibrations of surface atoms, and some modes around 3.0 THz and 8.0 THz are localized. This characteristic is different from that of Hu et al.
14 They found that the participation ratio of vibrational eigen-modes for the pure SiNWs splits into two parts for both low and high frequency phonons. The difference likely originates from the fact that our simulated SiNWs are much thinner than that in their work since the vibrations of surface atoms play more important role in the thinner NWs. Particularly, shell doping depresses the participation ratios deeply. It is evident in Fig. 3 that for the Si/Ge 0.6 Si 0.4 NWs, the phonon modes from 1.0 THz to 2.0 THz and the modes from 9.0 THz to 16.0 THz are tend to be localized, causing a significant reduction in the thermal conductivity. The mean value of all modes participation ratios versus Ge concentrations (x) for Si/Ge x Si 1Àx core-shell NWs is shown in Fig. 4 . The cross section and shell doping thickness of NWs are the same as those of Si/Ge x Si 1Àx core-shell NWs in Fig. 2 . With the Ge dopant concentrations increasing, the mean participation ratio decreases significantly, indicating strong localization due to random dopant scattering and interface scattering, corresponding low thermal conductivity. The dependence of the mean participation ratios on Ge concentrations is consistent with the changes in thermal conductivity shown in Fig. 2 . From the results illustrated in both Figs. 3 and 4, it is obvious that the localization characteristic of Si/ Ge 0.6 Si 0.4 core-shell NWs is more remarkable than that of the Si/Ge core-shell NWs. As a result, the thermal conductivity of Si/Ge 0.6 Si 0.4 core-shell NWs is markedly lower than that of Si/Ge core-shell NWs. It should be pointed that, Zhong and Stocks demonstrated that electrons in a shelldoped nanowire exhibit a peculiar behavior, which is very different from that of uniformly doped NWs. Beyond some critical doping, electron dynamics in a shell-doped nanowire undergoes a localization/quasi-delocalization transition, namely, the electron diffusion length decreases in the regime of weak disorder but increases in the regime of strong disorder. 18 According to their results and our simulations, shelldoping of SiNWs with large dopant concentration is both helpful to increase the electrical conductance and decrease the thermal conductance.
IV. CONCLUSION
In summary, the results of NEMD simulation demonstrate that the thermal conductivity of SiNWs can be reduced significantly by shell doping. The dopant concentration influences the thermal conductivity intensively, and the lowest thermal conductivity occurs around 60% concentration in the shell. The reduction of thermal conductivity stems from the strong localization of the phonon modes from 1.0 THz to 2.0 THz and the modes from 9.0 THz to 16.0 THz due to both impurity scattering and interface scattering associated with peculiar structure of shell doped SiNWs. Helpful to decrease the thermal conductance and increase the electrical conductance, the shelldoped SiNWs with large dopant concentration should be a very promising candidate for thermoelectric application.
